ABSTRACT A compact and wideband differentially fed dual-polarized antenna with high common-mode suppression is investigated in this paper. A square patch with crossed-slot consisting of four slant funnelshaped slots is used as the radiator, generating slant ±45 • linear polarizations. Two orthogonal placed baluns, each connected with two open-end stubs, act as the feeding network. Under differential-mode (DM) excitation, the resonating mode of the square patch and quarter-wavelength mode of the funnel-shaped slots can be excited at low and high frequency band, respectively, which enhances the operation bandwidth of the designed antenna. By using differential excitation, a high level of common-mode (CM) suppression can be realized. To verify the design, the prototype of the designed antenna and an antenna array consisting of four elements are fabricated and measured. The experimental results indicate that a DM reflection coefficient better than −15 dB and a CM suppression level better than 1 dB are achieved within a wide impedance bandwidth of 55.3% (1.66 to 2.93 GHz). A high isolation and a stable radiation pattern can be observed within the operating band. Besides, the proposed antenna maintains a small aperture size of 0.36λ 0 ×0.36λ 0 , where λ 0 is the free-space wavelength at the center frequency of operation band.
I. INTRODUCTION
Dual-polarized antennas are usually preferred as base station antennas due to their attractive features of combating multipath fading effect and increasing channel capacity. With the significant advancement in modern mobile communications, wide operating band, miniaturization, high isolation, and low cross polarization have become the leading trends in the design of dual-polarized antenna. Recent years have witnessed the development of different dual-polarized antennas, which can be roughly divided into three categories, namely patch antennas, dipole antennas, and slot antennas.
As a typical antenna type, patch antennas are frequently used to realize dual polarizations with advantages of low profile, low cost and ease of fabrication. However, multi-layer patches and complex feeding structures are usually needed
The associate editor coordinating the review of this manuscript and approving it for publication was Yingsong Li. to achieve a wide operating band, which, in turn, increases the profile height and fabricating complexity. Stacked patch antennas proposed in [1] and [2] realized −10 dB impedance bandwidths of 14.3% and 19%. Another stacked patch antenna with tuned slot excitations [3] achieved a −15 dB differential impedance bandwidth of 49.4%. Single-layer patch antennas excited by different feeding methods, such as coupled feed [4] , [5] , C-shaped coupling slot [6] , openloop resonator [7] , and hook shaped probe [8] , have been widely studied. Dipole antennas, as another classic type of antenna, are widely investigated for dual polarizations in open literature with different radiator designs. Embedded loop radiator [9] , spline-edged bow-tie dipole [10] , combination of hollow quadrant and arrow-headed patch [11] , and dipole with folded metallic plates [12] were utilized as radiators to obtain impedance bandwidths of 51% (S 11 < antennas were also applied for dual polarizations in [13] and [14] with impedance bandwidths of 65.9% (VSWR < 2) and 18.5% (S dd11 < −15 dB). Dual-polarized multidipole antenna presented in [15] and [16] achieved impedance bandwidths of 56.6% (VSWR < 1.5) and 70% (S 11 < −10 dB). Slot antenna is a good candidate as dual-polarized antenna [17] - [26] . Cavity-backed slot antennas presented in [19] and [20] realized impedance bandwidths of 2% (S dd11 < −10 dB) and 19% (VSWR < 2.1). Crossed slot antenna fed by microstrip feedline proposed in [21] and [22] achieved a −10 dB impedance bandwidth of 38.9% and 47%, respectively. A four-leaf clover slot element antenna proposed in [23] realized a −10 dB impedance bandwidth of 51.4%. An inductor-end slot antenna operated at full-wavelength mode designed in [24] gained a −10 dB impedance bandwidth of 54.5%. An octagon patch etched with two H-shaped slots fed by folded feedline designed in [25] realized an impedance bandwidth of 19.3% for VSWR < 1.5. Another H-shaped slot antenna developed with the help of characteristic modes [26] obtained a −10 dB impedance bandwidth of 46%.
Except for wide operating band, compact aperture size is also in great command. Several miniaturized dipole antennas were investigated for dual polarizations. A loop-shaped crossed dipole antenna in [27] realized a −15 dB impedance bandwidth of 45.5% and a port isolation over 25 dB, with an aperture size of 0.33λ 0 × 0.33λ 0 . Shared-dipole antennas in [28] achieved impedance bandwidths of 48% and 50%, with aperture sizes of 0.33λ 0 × 0.33λ 0 and 0.37λ 0 × 0.37λ 0 , respectively.
In this paper, a miniaturized and wideband differentially fed dual-polarized antenna with high common-mode suppression is investigated. A square patch etched with crossed-slot consisting of four funnel-shaped slots is used to obtain slant ±45 • linear polarizations. Four open-end stubs, connected to baluns, are employed to excite the resonating mode of the square patch at lower band and quarter-wavelength mode of the funnel-shaped slots at higher band. By utilizing these structures, a wide impedance bandwidth is obtained with a small aperture size. Also, a high common-mode suppression level and a high differential port isolation can be achieved. To verify the design, the prototypes are fabricated and measured. A good agreement between the simulation and measurement can be observed. The performances of the antenna and its array, such as reflection coefficient, radiation pattern, and antenna gain, are discussed in detail in the following sections. marked in Fig.1(c) . The funnel-shaped slots can be divided into two parts. The first part near to the edge of the patch has consistent width (W s ) and a length of L s while the second part is a trapezoid slot. The length of the whole funnelshaped slot (L s + W 1 = 26mm) is fixed around quarter wavelength corresponding to higher frequency band. The edge's length of the patch is fixed around quarter wavelength (W r = 47.5 mm) corresponding to lower frequency band. The orthogonal baluns, with their shorting patches connected to the open-end stubs, are designed and optimized for impedance matching and differential excitation. The baluns, mounted below the patch, are also built on 0.8-mm-thick FR-4 substrates (ε r = 4.4, tanδ = 0.02). Besides, A reflector is placed 0.25λ 0 (H = 34 mm) below the radiator to generate a unidirectional radiation pattern. The antenna is simulated and optimized using full-wave simulation software, ANSYS High Frequency Structure Simulator (HFSS). Table 1 exhibits all dimensions of the designed antenna after analysis and optimization. Figure 2 exhibits the evolution of the proposed antenna to better present the design process. Simulated reflection coefficients of the reference antennas (Ant. 1 and 2) and the proposed antenna are given in Fig. 3 (a) for comparison. For each antenna, only one port is considered for the sake of brevity. Ant. 1 is a regular crossed-slot antenna differentially fed by four open-end stubs. Ant. 1 is firstly simulated using full-wave simulation software. In the simulation of Ant. 1, the impedance of the port is set as 150 . Simulated reflection coefficient of Ant.1, as given in Fig. 3 (a), shows a narrow −15 dB impedance bandwidth. Different with Ant. 1, funnel-shaped slots are introduced in Ant. 2 to improve the impedance bandwidth. Compared to Ant. 1, Ant. 2 realized a wide −15 dB impedance bandwidth. However, the port impedance of Ant. 2 is also set as 150 . Since the common value of the port impedance is 50 , baluns are designed and utilized as impedance transformer to gradually transform the impedance around 150 to the common value (50 ). Firstly, Baluns are separately simulated and optimized. Here, the port impedance is 50 and the terminal is connected to a 150 resistor. Simulated reflection coefficients of the baluns are shown in Fig. 3(b) . Simulated result shows a good performance of impedance transformation within the desired frequency band. And then, two baluns are integrated into the antenna for overall simulation and optimization. By far, the final geometry of the proposed antenna is determined. In the simulation of the proposed antenna, the impedance of the port is set as 50 . Simulated result of the proposed antenna is also given in Fig. 3(a) . By introducing the baluns, as seen in Fig. 3(a) , the proposed antenna achieves a wide −15 dB impedance bandwidth with the port impedance of 50 , which verifies the baluns' effectiveness in impedance transformation.
B. EVOLUTION

C. WORKING PRINCIPLE
To investigate the working principle of the designed antenna, the antenna without baluns (Ant. 2) is simulated and analyzed using full-wave simulation software. Figure 4 (a) shows the normalized impedance curves of Ant. 2. With reference to the figure, it can be observed that there are two resonating modes in the band of interest. Utilizing the full-wave simulation, the current distributions on the radiating patch of the proposed antenna corresponding to different frequency (2.9 GHz and 1.7 GHz) are obtained and shown in Fig. 4 (b) and (c). Here, the black arrows represent the currents on the patch, and red arrows represent directions of polarizations. From the results, it can be observed that at higher band (2.9 GHz), the currents flow along the edges of the slots. The currents along the two long sides of the slot have opposite directions and can be cancelled out each other, generating a slant +45 • or −45 • linear polarization. In this antenna, the funnel-shaped slots, consisting of a slot with consistent width and a trapezoid slot, are used. According to [29] , the funnel-shaped slots with tapered end can generate open circuit at the ends, making the slots behave like open circuit at the end close to the center of the patch, thus exciting the quarter-wavelength resonating mode of the slots. This can be verified by the current distribution in Fig. 4 (b) . In this case, the length of the whole funnelshaped slot (L s + W 1 = 26 mm, including the trapezoid part) is 26 mm, approximately equal to quarter wavelength (25.9 mm) corresponding to higher frequency (2.9 GHz).
At lower band, the length of the slot is only about 0.14 wavelength at 1.7 GHz and no resonating mode of the slot can be excited. In this case, the slot act as the feeding of the patch. This can be verified with the current distribution shown in Fig. 4 (c) . With reference to the figure, one can see that the currents mainly distribute at the edge of the patch. Two adjacent edges of the patch can generate halfwavelength resonating mode. The edge's length of the patch (W r = 47.5 mm) is about quarter wavelength (44.1 mm) corresponding to lower frequency (1.7 GHz). As different modes are excited in the band of interest, the bandwidth of the antenna can be enhanced significantly. Figure 5 (a) shows the simulated S-parameters of the antenna including baluns. It can be seen from the result that, after the baluns being included, wide operation bandwidth can be obtained and there are three minimum values in the band of interest. It is probably caused by the matching effect of baluns. To get an insight of the operating mechanism, an equivalent circuit of the proposed antenna is given in Fig. 5 (b) . Here, R s and R o stand for the resistances generated by the slot and the open-end stub, respectively. L ess represents the equivalent mutual inductor between two adjacent slots. Four open-end stubs are introduced for coupling excitation and under excitation, the end of the stub behaves as an open circuit, which is capacitive (equivalent to C eo ) in nature. One end of the funnel-shaped slot, behaving like a short circuit, results in a predominance of stored magnetic energy. It gives rise to an inductive reactance (equivalent to L es ), which increases with the increase in the slot width (W s ). The other end of the slot, behaving like an open circuit, provides a capacitive reactance (equivalent to C es ). In addition, the gap between the edges of the slot and the stub provides an equivalent capacitor C eso , and the gap between the edges of the slot itself provides an equivalent capacitor C es1 . C eso and C es1 increase with the increases in the gap widths. Besides, currents flowing along the slot and the stub can be equivalent to inductors L es1 and L eo1 , which increases with the increases in the lengths of the slot and the stub. By modifying relevant dimensions, values of the equivalent lumped elements can be adjusted to achieve a good impedance matching. To determine the values of the equivalent component, the equivalent circuit is built, analyzed and optimized in Keysight ADS (Advanced Design System). In the simulation, the baluns is also built in the software to improve simulation accuracy. The reflection coefficient from ADS is given in Fig. 5 (a) to compare with the simulated results from full wave simulation using HFSS. A good agreement of the results confirms the validity of the proposed equivalent circuit.
D. MINIATURIZATION
Conventional crossed-slot antennas generate the dual-polarized radiations by means of the crossed slots within the operating band. Theoretically, the slots' lengths should be fixed around half wavelength corresponding to lower operation frequency. What's more, they usually have their slots extended to one-wavelength length or attached with tapered slots, step-width slots, or T-shaped slots at the ends for good impedance matchings. These structures occupy a lot of extra area, making the aperture sizes of crossed-slot antennas usually larger than 0.44λ 0 .
Different with other crossed-slot antennas, in this design, the funnel-shaped crossed slots are utilized as the radiator at higher band and the quarter-wavelength resonating mode is excited as discussed above. While at low frequency, the crossed slots are employed to excite the resonating mode of the square patch. In this case, the total length of the two adjacent sides of the patch is about half wavelength while the length of edge of the patch is only around quarter wavelength corresponding to lower frequency, making the antenna's size compact. This is similar to the miniaturization technology used in [28] . The resonant frequencies can be adjusted by modifying the lengths of the slots and the patch. After optimization, a wide operating band is obtained with a compact aperture size of 0.36λ 0 × 0.36λ 0 . 
E. SIMULATED AND MEASURED RESULTS
To verify the design, a prototype of the proposed antenna is fabricated and measured. The photo of the prototype of the antenna is exhibited in Fig. 6 . A Vector Network Analyzer RSZNL3 is used to measure the S-parameters and the results are shown in Fig. 7 . With reference to Fig. 7 (a) , the proposed antenna achieves a wide −15 dB impedance bandwidth of 55.3% from 1.66 to 2.93 GHz, while the simulated result is 54.9% from 1.65 to 2.90 GHz. A high common-mode suppression level better than 1 dB and a high differential port isolation over 39 dB are realized, as shown in Fig.7 (b) . The S− parameters of differential ports 1 +/− and 2 +/− are defined as [30] :
(1-a)
The radiation characteristics of the designed antenna are tested using a SATIMO multi-probe spherical near-field system. A 180 • hybrid phase shifter is utilized to generate differential feed. It is worthy to mention that the 180 • hybrid phase shifter is unnecessary in practical use. The results for half power beam width (HPBW), antenna gain and efficiency are shown in Fig. 8 and Fig. 9 . As can be seen, the measured gain is 8.6 ± 0.6 dBi with 3-dB beamwidth at 68.5 • ± 5 • over the operating band, while the simulated one is 8.4 ± 0.35 dBi with 67 • ± 3.2 • . In addition, an average efficiency of 83.6% within the operating band is realized. Taking the symmetrical geometry into account, only the radiation patterns of slant +45 • linear polarization are given for simplicity. The simulated and measured radiation patterns for xoz and yozplane at 1.7, 2.3, and 2.9 GHz when port 1 +/− is excited are exhibited in Fig.10 . Cross-polarization better than −20 dB at boresight and the F/B (front-to-back) ratio better than 15 dB can be observed from the results. Some differences between simulated and measured results may be caused by the use of the 180 • hybrid phase shifter or the error on soldering and fabrication.
III. ANTENNA ARRAY
The antenna presented in [31] is an eight-element single polarized array. The proposed antenna is extended to a four-element dual-polarized antenna array for base station application. As seen in Fig.11 , the element spacing is fixed at 100 mm, around one wavelength at the highest frequency of the operating band. Four 180 • hybrid phase shifters and a four-way power divider are utilized to measure the S-parameters and radiation patterns of the array. Measured S-parameters, as seen in Fig.12 , show that the array achieves a wide −15 dB impedance bandwidth of 53.9% (1.68-2.92 GHz), a common-mode suppression level better than 1.1 dB, and a port isolation over 30 dB. Fig.13 shows that the array obtains an average gain of 13.2 ± 0.7 dBi with 3-dB beamwidth at 69 • ± 5.5 • . The radiation patterns of slant +45 • linear polarization are given in Fig.14 . It can be observed that the cross-polarization is better than −18 dB the F/B ratio is better than −15 dB. Table 2 exhibits the performance comparison among the proposed antenna and other published dual-polarized antennas. Compared to all aforementioned designs, the proposed antenna achieves a better impedance bandwidth with the second smallest aperture size. What's more, a high port isolation and a stable radiation pattern within the operating band are realized.
IV. CONCLUSION
In this paper, a compact and wideband dual-polarized antenna and its array are designed, analyzed and tested. A square patch etched with four slant funnel-shaped slots is introduced as a radiator to generate ±45 • dual-polarizations. Four openend stubs are employed to excite quarter-wavelength mode of the crossed slots at high frequency and resonating mode of the patch at low frequency. Measured results show a wide −15 dB impedance bandwidth of 55.3% from 1.66 to 2.93 GHz. A high level of common-mode suppression and a high isolation are achieved over the operating band. The measured results of the radiation characteristic indicate that in the band of interest, the antenna gain is as high as 8.6 ± 0.6 dBi and an average efficiency of 83.6% within the operating band is realized. Besides, the proposed antenna achieves a stable radiation pattern. What's more, the proposed antenna has a small aperture size of 0.36λ 0 ×0.36λ 0 . To verify the potential use of the designed antenna, a four-element antenna array for base station application is also fabricated and measured.
Consequently, the proposed dual-polarized antenna can be a good choice for base station or 2G/3G/4G applications, as its advantages of compact size and wide operation bandwidth. 
